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Addressing the environmental pollution caused by the large-scale accumulation of magnesium-containing solid waste
and the limitations imposed on its resource exploitation due to the availability of free magnesium, this study proposes
and verifies a method that utilises steel slag and ferrochrome slag in a self-responsive, high-temperature environment
of fire-flooding oil recovery, combined with a CO,-rich hydrothermal environment. Through a coupling mechanism
of "high-temperature reconstruction-carbonation and hydrothermal activation,"magnesium-containing calcium carbonate,
C-S-H, and M-S-H phases are generated and interwoven, with a highly stable magnesium-aluminium spinel phase filling
the structure to construct a dense multiphase composite. This structure has a "self-healing" capacity to seal microcracks
by expansion and achieves a high compressive strength of about 80 MPa in just 72 hours. This work transforms bulk solid
waste into high-magnesium oil well cement with adaptive sealing, self-reinforcing, and carbon sequestration functions,
providing a green and safe approach to heavy oil thermal recovery that combines resources and environmental benefits.

INTRODUCTION

Global industrialisation and urbanisation, driven
by accelerated development, are driving economic
growth and social development while placing enormous
pressure on resources and the environment [1].
The rapid generation of large quantities of industrial solid
waste from basic industries such as energy, metallurgy,
and chemicals has led to the creation of large-scale
dumping sites that occupy precious land resources [2,
3]. Moreover, these solid wastes always contain heavy
metals (such as lead, chromium, and arsenic) and soluble
salts [4, 5], which can seep into the soil and groundwater
through rainwater leaching, leading to long-term
and irreversible pollution. Therefore, these solid wastes
are harming the Earth’s environment both quantitatively
and qualitatively.

Therefore, the scientific treatment and efficient
utilisation of industrial solid waste residues have
become a cutting-edge topic and research hotspot across
the interdisciplinary fields of environmental science,
materials science, and chemical engineering [6-9].
Magnesium-containing metallurgical slags [10], such
as steel slag, ferrochrome slag, copper slag, and nickel
slag, are particularly noteworthy for their resource
utilisation pathways due to their enormous stock-
piles and complex physicochemical properties [11].
This type of solid waste is rich in calcium, silicon,
and a large amount of magnesium. Steel slag, as a typical

example, besides dicalcium silicate (C,S) and tricalcium
silicate (C;S), which have potential cementing activity
[12], its mineral composition commonly contains free
magnesium oxide (f-MgO) and magnesium components
that constitute the (Mg, Fe) solid solution phase. Tradi-
tionally, the delayed hydration characteristics of f-MgO,
due to volume stability issues, have severely limited
its large-scale application in the building materials
industry [13]. However, from a dialectical perspective,
these abundant alkaline minerals (C,S, C,S, f-CaO,
f-MgO) are also highly promising CO, sequestration
media [12, 13]. Their potential to react with CO,
to form stable carbonates suggests an innovative path
to transform the traditional challenge (f-MgO) into
a "waste-to-waste" advantage, thereby synergistically
achieving carbon sequestration and performance en-
hancement.

Based on the '"waste-to-waste" concept, this
paper proposes an innovative resource utilisation
strategy that deeply couples the functional design
of magnesium-containing solid waste, such as steel slag
and ferrochrome slag, with the extreme engineering
environment of fire-induced oil recovery in heavy
oil thermal recovery [14, 15]. The core of this strategy
lies in developing this type of solid waste into a high-
-magnesium, low-calcium silicate-based cementitious
material used to form a core-sealing structure between
the production casing of the oil well and the formation,
namely, high-magnesium oil well cement. This material
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is not a static downhole, but can autonomously respond
to different stages of fire-induced oil recovery. That
is: High-temperature oxidation zone (combustion front,
600 — 800 °C). The material not only withstood high
temperatures, but also achieved "self-stabilisation"
through a pinning effect and high-temperature phase
transformation. Stable minerals such as magnesium,
aluminium spinel, and magnesium iron olivine
in the system form the structural framework [16], while
free magnesium oxide (f-MgQO), calcium components,
and silicon components react to generate magnesium
silicate (magnesium rhodochrosite, calcium magnesium
feldspar) with carbonisation activity, which creates
the conditions for the subsequent reactions. The enriched
CO, undergoes a large-scale carbonation reaction with
the magnesium silicate salt formed during the previous
activation in the downstream vapour/condensation
zone (the medium- and low-temperature zone,
~100—200 °C). This process not only immobilises a large
amount of CO,, generating calcium carbonate (CaCO,)
and magnesium carbonate (MgCO;) as reinforcing
phases, but also produces amorphous silica, which further
evolves into an M-S-H (magnesium-silicon-hydrate)
gel. These products work synergistically to significantly
improve the material’s mechanical strength and density,
and automatically close micro-cracks through expansion,
achieving "self-reinforcement” and self-repair. Ultima-
tely, it achieves "self-stabilisation" through high-
-temperature thermal activation and "self-reinforcement"
through carbonisation, fundamentally overcoming
the problem of traditional materials’ susceptibility to fai-
lure under high-temperature and CO, environments, thus
becoming an "adaptive sealant".

EXPERIMENTAL

Materials

The steel slag and ferrochrome slag used
in this research were sourced from Shandong Taishan
Stainless Steel Co., Ltd. and Inner Mongolia Mingtuo
Group, respectively. As shown in Table 1, the chemical
and mineral compositions reveal that the steel slag
mainly consists of calcium oxide, iron oxide, and silicon
dioxide, while ferrochrome slag primarily contains
magnesium oxide, aluminium oxide, and silicon dioxide.
Additionally, Figure 1 depicts the phase composition
of the steel slag and ferrochrome slag, showing that
the steel slag is mainly composed of silicates, including
calcium silicate phases such as dicalcium silicate
and tricalcium silicate, as well as calcium magnesium
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Figure 1. Mineral phase composition of the steel slag
and ferrochrome slag.

silicate phases composed of magnesium rhodochrosite
and calcium magnesium feldspar, and also contains some
magnesium iron olivine. The ferrochrome slag mainly
contains magnesium aluminium spinel, magnesium
olivine, and magnesium iron olivine.

It is known that magnesium aluminium spinel
(MgAl,0,) has a cubic crystal structure and is highly
stable [17], exhibiting excellent thermodynamic, kinetic,
chemical, thermal, dielectric, mechanical, and optical
properties.

These properties make MgAl,O, an indispensable
material for refractory applications. Therefore, the mag-
nesium aluminium spinel in ferrochrome slag, through
its own stability, can achieve self-repairing and self-
-improving properties in oil well cement with steel slag
under the high-temperature environment of heavy oil
thermal recovery.

Table 1. Chemical components of the steel slag and ferrochrome slag (wt. %).

Samples CaO MgO SiO, ALO, Fe,0, Cr,0, P,O4 TiO, SO,
Steel slag 38.5 9.48 16.15 8.62 29.85 0.11 1.01 0.46 0.12
Ferrochrome slag 3.45 28.28 31.20 21.92 3.75 0.35 0.14 0.52 0.46
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Methods

The X-ray diffraction (XRD; D8 Advance,
Brooke) analysis of the samples was carried out using
an X-ray diffractometer (Ultima IV) operated at 40 kV
and 100 mA with Cu-Ko radiation (A = 1.5418 A),
with at a scanning rate of 0.02° 20-step’ from 5°
to 80° (20). Before identifying the formed mineral phases
in the samples, the dried samples were ground to pass
through a 75 pm sieve.

The particle size distribution was determined using
laser diffraction (Mastersizer 3000, UK) with a dry
dispersion method. The measurement range extended
from 0.1 to 1000 pum.

The microscopic morphology of the phases was
examined using a scanning electron microscope (SEM;
QUANTA 250 FEG, FEI Company of America).
For the SEM analysis, a slice was cut from a high-
magnesium oil well cement paste specimen that had been
carbonated under different conditions. It is important
to keep the sampling size and location as consistent
as possible. A conductive gold layer was also applied
to the sample surface before analysis. Secondary electron
images were captured at 8 kV.

The products of high-magnesium oil well cement
paste and the amounts of CO, sequestration were quanti-
tatively investigated by using a differential thermogram
analysis (DTA) (Mettler Toledo STARe System TGA/
DSC). Approximately 10 mg of a powder sample
was heated from 30 to 1000 °C at a heating rate of
10 °C-min™ under a nitrogen flow (50 mL-min™).

The fully automatic pressure testing machine
controlled by a microcomputer (WDW-200, China)
was used to determine the compressive strength
of samples 1~3, which were carbonation-cured
for various durations. The test was performed
at a loading rate of 0.3 mm-'min’'. Three samples
per group were tested, and their average and standard
deviation were reported.

It should be noted that all the samples to be tested
must be collected consistently, and the processing
method should be as uniform as possible.

RESULTS AND DISCUSSION

Mineral phase transformation and in-situ combustion

Based on the chemical and phase composition
of the steel slag and ferrochromium slag, the high-
-temperature environment of the in-situ combus-
tion of heavy oil thermal recovery was simulated.
To achieve the goal of generating as many phases with
the carbonation activity as possible and to support
the MgAl,O, skeleton, the batching calculation
and parallel comparison test were conducted. Finally,
steel slag and ferrochromium slag were selected
for mixing at a 60:40 mass ratio. In addition, to observe
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Figure 2. Mineral phase transformation at in-situ combustion.

the phase change and synergistic effect with the in-
crease of temperature under the combustion front,
the mineral phase changes of steel slag and ferro-
chromium slag were observed from 500 to 800 °C
(with 100 °C as the temperature gradient), as shown
in Figure 2.

As illustrated in Figure 2, the concentrations
of CaO and SiO, exhibit a gradual decline and eventual
disappearance with the increasing temperature. In con-
junction with the mineral phase composition of the steel
slag and ferrochrome slag presented in Figure 1, it is evi-
dent that CaO and SiO, primarily derive from the de-
composition of the calcium silicate phases in the steel
slag at elevated temperatures, without undergoing further
high-temperature liquid-phase reactions. This behaviour
parallels the formation of the free lime and residual
silica during the calcination of the silicate cement
clinker, where the temperature conditions required
for the liquid-phase reaction (CaO + C,S — C,S) were
not attained and not combined [18]. In this work, upon
a further increase in temperature, these liberated calcium
oxides and silica react with the iron and magnesium
in the liquid phase to form minerals such as Ca,Fe,Os,
Ca,Fe, ;Mg 4Siy40s, Ca;Mg(Si0,), (CMS,),
and Ca,MgSi,0, (C,MS,).
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Figure 3. Particle size analysis of HM-POWC.
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As for the stable mineral MgAl,O,, it behaves
similarly to the skeleton, remaining stable from 500
to 800 °C. Itis expected to be stable at higher temperatures
or during the later stages of hydrothermal alteration.

At 800 °C, the steel slag and some minerals
in the ferrochromium slag undergo high phase transition,
and more minerals with a high carbonisation activity
and hydrothermal activity, such as C;MS, and C,MS,,
are formed, and MgAlL,O, exists stably. It has great
potential to become oil well cement in the subsequent
stages, thus it can be regarded as a precursor of oil
well cement and defined as HM-POWC. The particle
size distribution after crushing and grinding is shown
in Figure 3.

The particle size distribution range of HM-POWC
is 0.8 — 500um, but its particles are concentrated
in 130 — 500 um, which is mainly due to the hard mineral
phase of MgAl,O, in the process of crushing powder. This
also proves once again that MgAl,O,, a stable mineral
phase, maintains its stability even at high temperatures
or under physical grinding, thereby ensuring the stability
of the entire skeletal structure.

Carbonation and hydrothermal alteration

The main chemical environment downstream
of the oil fire flooding at the combustion front
was analysed and simulated using dynamic and thermo-
dynamic models.

Table 2. Chemical components of the steel slag and ferro-
chrome slag (wt. %).
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Figure 4. Flow chart of the HM-OWC produced from the fire
flooding.

As shown in Table 2, based on the main factors,
an experimental link was designed that includes stirring
carbonation, hydrothermal activation, and curing carbo-
nation. HM-POWC is gradually decoupled as an oil well
cement stone, influenced by the dynamics, activated
by a hydrothermal process, and reinforced by carbonised
products formed by the condensation stability. In the end,
for example, Group 3 is influenced by comprehensive
factors. It stirs the clinker with a water-binder ratio
of 0.5 and introduces CO, with a purity of 99.8 %
at a rate of 0.8 L-min™' for 40 minutes, then forms. After
that, the moulded specimen was placed in an oil bath pot,
heated at 90 — 270 °C for 3 hours for thermal activation
(ensuring humidity) (mainly determined according
to its setting time), and then placed in a carboniser
for curing carbonisation for 12 hours. Finally, the high-
magnesium oil well cement (HM-OWC) was produced
by mineral-phase transformation during the in-situ
combustion, coupled with carbonation and hydrothermal
alteration. The flow chart is shown in Figure 4.
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Figure 5. Products of the HM-OWC in the carbonation
and hydrothermal alteration.
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Figure 6. TG-DTG of the HM-OWC in the carbonation

and hydrothermal alteration.
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Figure 7. SEM-EDS of the HM-OWC.

Figure 5 shows the mineral phase changes
of the HM-POWC (precursor of the oil well cement,
800 °C) under the following conditions: carbonation with
stirring only (corresponding to Group 1), carbonation
with stirring and hydrothermal activation (corresponding
to Group 2), and carbonation with stirring, hydrothermal

activation, and curing (corresponding to Group 3).
For the third group, it indicates that HM-POWC
undergoes carbonation and hydrothermal activation
downstream of the combustion front, forming carbonate
such as calcium carbonate, hydrothermal activation
products (C-A-S-H, M-S-H), and unreacted minerals
such as C;MS,. Notably, magnesium aluminium spinel
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maintains its stability across all three groups (peak values
and positions remain almost unchanged). This indicates
that HM-POWC, after carbonation and hydrothermal
activation, forms a coupled whole with MgAl,O,
as the stable mineral phase, calcium carbonate
as the denser reinforcing mineral phase, and C-S-H
and M-S-H colloids, ultimately becoming high-quality
high-magnesium oil well cement (HM-OWC).

Figure 6 shows the weight-loss trend and the rate
of weight decrease as the temperature increases.
Comparing the three groups, it is evident that groups
1 and 2 exhibit a stepwise decrease in mass between
400 and 500 °C, with corresponding negative peaks
in the DTG. Typically, this mass loss corresponds
to the amorphous products [18], such as amorphous
magnesium-containing calcium carbonate [19, 20].
However, group 3 shows no significant mass change
in this range, suggesting that carbonisation during curing
may have converted some amorphous products into more
stable forms. Therefore, the temperature around 800 °C
corresponds to well-developed crystals, such as calcite.
It is clear that, due to the superimposed design condi-
tions, the minimum mass values for these three groups
show an increasing trend, indicating that HM-OWC
forms well-crystallised products during carbonisation
and hydrothermal activation.

Furthermore, it is worth noting that the minimum
mass loss points for all three groups exceed 30 %,
indicating that stable mineral phases, such as magne-
sium aluminium spinel, do not undergo mass loss even
at 1000 °C and remain stable.
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Figure 8. Compressive strength of the HM-OWC at different
ages.

Figure 7 shows the SEM-EDS (12 hours)
of the third group. Through continuous magnification,
the main product morphology can be clearly seen:
a composite of flower-like clusters and needle-like rods,
assembled and spliced to form a dense, staggered overall
structure. The EDS testing of the product revealed
the coexistence of calcium and magnesium elements
by comparing the EDS spectra at various points. This
indicates that magnesium is dissolved in the calcium
carbonate to form magnesium-containing calcium
carbonate, which is then cemented together with
the stable framework built by M-S-H and magnesium
aluminium spinel to form a dense solid.

Figure 8 shows the compressive strength test
results for groups 1, 2, and 3 at different ages. It was

(Mg, Fe),Sio

Figure 9. Compressive strength of the HM-OWC at different ages.
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found that the strength of group 3 was higher than that
of the other two groups at all the ages, and its com-
pressive strength increased at a much faster rate
than the other groups, resulting in a 72-hour strength
of nearly 80 MPa. This indicates that, in the heavy
oil thermal recovery environment, using ferrochrome
slag and steel slag, with high-temperature activation
and carbonisation-hydrothermal activation coupling,
results in the formation of a dense body composed
of magnesium-containing calcium carbonate and C-S-H,
M-S-H, and magnesium aluminium spinel, exhibiting
high mechanical properties.

The ferrochrome slag and steel slag-based high-
magnesium oil well cement designed in this paper
exhibits a unique dynamic response and self-reinforcing
behaviour in the extreme environment of fire-flooding
oil recovery. The essence of this behaviour lies
in the synergistic mechanism between the active compo-
nents and the stable phase with temperature and che-
mical environment change.

In the initial cementing stage, after the material
is injected into the annulus, its active components, such
as dicalcium silicate, initially form a basic gel structure
in the low-temperature hydration environment, which
is built on the stable phase of the hydrated calcium
silicate (C-S-H) and magnesium aluminium spinel.
This provides the basic cementing strength and sealing
foundation for the system, completing the initial
establishment of the structure and environmental
pre-adaptation. As the combustion front advances
and the material enters the high-temperature oxidation
zone (~800 °C), a crucial high-temperature reconstruction
occurs. The active magnesium oxide (f-MgO), abundant
in ferrochrome and steel slags, reacts with the siliceous
components in the system to form carburising mineral
phases such as magnesium rhodochrosite (C;MS,), while
the high-temperature-stable magnesium aluminium
spinel (MgAl,0,) maintains its overall structural
stability. Downstream of the combustion front in the CO,-
-steam/hot water zone (90 — 270 °C), the carburising
active mineral phases and amorphous phases undergo
carbonisation and hydrothermal reactions with CO,
and water vapour, producing magnesium-containing
calcium carbonate and magnesium carbonate crystals,
as well as high-specific-surface-area M-S-H or C-S-H
phases. These product phases, such as magnesium
aluminium spinel, synergistically assemble: carbonate
crystals and gel phases fill pores and connect grains,
while high-temperature minerals like spinel act
as a robust micro-framework. Finally, this multiphase
synergy creates a highly dense, chemically stable
composite structure that not only fixes and mineralises
CO,, but also produces a moderate expansion effect
that can automatically seal microcracks induced by heat
stress, giving the material exceptional strength and self-
-healing capabilities.

In summary, by coupling the mechanisms
of "high-temperature reconstruction" and "carbonisation-
-hydrothermal activation", solid waste components
were successfully transformed into components that
can dynamically adapt to extreme chemical environments
induced by combustion for oil recovery and possess self-
-reinforcing and carbon-sequestration functions.

CONCLUSIONS

1. The active components (such as CaO, MgO,
and silica phases) in the ferrochrome slag and steel
slag system are fully activated by the carbonation-
-hydrothermal activation, generating multiple cemented
phases, including magnesium-containing calcium
carbonate, hydrated calcium silicate (C-S-H), hydrated
magnesium silicate (M-S-H), and magnesium aluminium
spinel.

2. Magnesium aluminium spinel (MgAlO,),
as a high-temperature stable phase, forms a dense
multiphase composite structure with magnesium-
-containing calcium carbonate, hydrated calcium silicate
(C-S-H), and hydrated magnesium silicate (M-S-H)
through interweaving, filling, and bonding at the micro-
scale, which improved the mechanical properties
and microstructure stability.

3. Ferrochrome slag and steel slag were used
to produce high magnesium oil well cement (HM-
-OWC) by simulating a fire flooding oil displacement
environment under high temperature, and combined with
the effects of carburisation-hydrothermal activation.
This produced an HM-OWC with a compressive strength
of nearly 80 MPa at 72 hours. This provides a new
technical approach for efficiently utilising industrial
solid waste to prepare cementitious materials suitable
for heavy oil thermal recovery conditions.
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